When Fe, which is a typical ferromagnet using d-or f-orbital states, is combined with 2D materials such as graphene, it offers many opportunities for spintronics. The origin of 2D magnetism is from magnetic insulating behaviors, which could result in magnetic excitations and also proximity effects. However, the phenomena were only observed at extremely low temperatures. Fe and graphene interfaces could control spin structures in which they show a unique atomic spin modulation and magnetic coupling through the interface. Another reason for covering graphene on Fe is to prevent oxidation under ambient conditions. We investigated the engineering of spin configurations by growing monolayer graphene on an Fe (111) 
Introduction
Recent discoveries on van der Waals 2D magnetism are based on well known magnetic insulators, such as CrI 3 and Cr 2 Ge 2 Te 6 . [1] [2] [3] [4] [5] The effects of 2D magnetism are systematic and significant, but these insulators are limited regarding their actual applications due to the low temperature phenomena at 80 K. While graphene exhibits metallic conductivity in the in-plane (IP) orientation, it serves as an insulator up to a very high temperature above 500 K. 6 Continuous high-quality single-layer graphene is a paramagnet compared to other 2D magnetic crystals. 7, 8 Possibly, the use of ferromagnet as tunneling barriers can offer unique opportunities. 9 The magnetization of the Fe crystal along the (100) plane requires the least energy, whereas that along Fe(111) consumes the greatest amount of energy at approximately 3.5 × 10 -6 eV per atom. 10 As a strong ferromagnet, Fe with a 2D interface presents magnetic coupling due to the drastic change of the interface-induced magnetic anisotropy energy (MAE). For this reason, on the basis of the carbon-coated bcc-Fe(111) structure, it has been possible to engineer spin structures by manipulating the properties of the Fe(111) orientation. The spin structures align in a unique way that can form oriented domain structures, resulting in canted magnetization.
At the same time, the presence of graphene on Fe(111) prevents the oxidation of Fe and consequently preserves its unique properties, enabling the engineering of atomic spin structures.
Once oxidized, the domain patterns realign in an energy-efficient manner, reducing domain walls as much as possible. Thus, the development of alternative forms of Fe-C-based materials is timely. To this end, the adsorption of well-defined graphene under ultra-high vacuum (UHV)
conditions could be an excellent approach for engineering the magnetic properties of Fe. As previously reported, no impurities, even the smallest atoms, can penetrate graphene.
4
Here, we report the observed properties of the interfaces between a graphene layer on singlecrystalline Fe(111) after graphene growth via the dissociative adsorption of C 2 H 2 under UHV conditions. Because graphene protects the underlying substrate, Fe(111) presents sharply branched 3D patterns due to the change in the MAE and step-edge energies. This combination of the materials, with its aforementioned advantages, could be critical for many practical applications in future electronics.
Results and Discussion
We synthesized a uniform structure of graphene on Fe(111)substrates. Compared with other synthesis methods, the dissociative adsorption of C 2 H 2 is unique because it allows ultra-highquality graphene to be grown under UHV conditions. 12 The details of the synthesis are described in the Methods section. Accordingly, we studied the graphene-(55)/Fe(111)-(33) system, in which the lattice mismatch is reduced to less than 2%. Therefore, only interface effects were considered in the calculation. Scanning tunneling microscopy (STM) imaging under ambient conditions can identify pristine graphene structures. 18 Our analysis confirmed that the synthesized graphene was very smooth, as observed in the spectra shown in Figure 1 . The inset image in Figure 2 The occurrence of interface dynamics during graphene growth can be inferred. The graphene forms two main domains oriented at approximately 15 with respect to the substrate, and effects resulting from the adsorption energy difference and thermal annealing of the Fe crystal structure are observed. Kinetic roughening could drive the random growth at the surfaces and interfaces in a certain way. The origin of this phenomenon is attributed to the domain rotation and kinetic roughening of graphene and Fe.
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Ultra-high-sensitivity magnetic force microscopy (MFM) images collected under ambient conditions show unique domain structures (Figure 2(B) ). To further investigate the magnetic orientation, we performed a spin-polarized low-energy electron microscopy (SPLEEM) experiment under UHV conditions. Since the depth of penetration is only 7 nm, it is a good candidate to probe interface effects. In SPLEEM, electrons are measured before and after they pass through a magnetic field. The results reveal unique domain patterns in a system without requiring the exposure of the sample to a magnetic field. The penetration depth of the beam is less than 5 nm.
We swept a magnetic field with respect to the magnetization at the Fe L 3,2 -edge, as shown in As shown in Figure 3 (B), the X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) spectra of the Fe L 3,2 edge present typical metallic behaviors without peak splitting or any signs of oxidation, although the system was exposed to air. The monolayer graphene membrane served as a coating to prevent any strong reaction or change in the interface 
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Furthermore, the step-edge energy underneath the graphene layer induces atomic modulation and The pre-cleaning of Fe crystals before synthesis is a critical step. The upper image in Figure 4(A) shows the wide-scan spectra of the bare Fe(111). Repeated sputtering and annealing rendered the Fe substrate ultra-clean, resulting in a spectrum with a relatively small C 1s peak and a strong Fe 3p peak near 50 eV. As shown in Figure 4 (A), after graphene formation (lower panel), the C 1s peak increases in intensity, while the Fe 3p peak is significantly weaker. These results indicate that the Fe surface is covered with carbon atoms, and this dependence is regarded as a hallmark of monolayer deposition. A detailed view of this spectrum in a narrow range around the C 1s peak is shown in the inset of the lower panel. The full width at half maximum (FWHM) of the C 1s peak is approximately 0.58 eV, indicating the formation of high-quality graphene. This peak is substantially narrower than that of the CVD-grown graphene.
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Moreover, Fe readily undergoes oxidation and corrosion, which strongly limits its use in many applications, such as computer electronics.
28 Figure 4 (B) shows the photoemission spectroscopy (PES) spectra of the clean and graphene-coated Fe surfaces with increasing O 2 exposure. The spectrum of the clean Fe surface (upper) shows a sharp Fe 3p peak at 52.5 eV, and no other peaks are observed. As shown in the lower panel of Figure 4 (B), however, when the surface is exposed to oxygen, the O 2s peak is observed at ~21.95 eV, and the absorption of oxygen on the Fe surface substantially alters the valence band spectrum. The intensity of the O 2s peak is saturated when less than 100 L of oxygen is applied. The Fe 3p core-level peak also considerably changes due to the formation of bonds between oxygen and Fe atoms.
By contrast, when the graphene-covered surface is exposed to oxygen, the Fe 3p peak remains nearly unchanged, and the O 2s peak is not visible even up to 3000 L. These results indicate that oxygen atoms cannot penetrate the graphene and that they do not combine with Fe atoms. The graphene completely protects the Fe surface from oxidation. This protective effect was also confirmed by the ferroxyl test, as described in the Supplementary Materials section. 
Conclusion
Monolayer graphene on single-crystalline Fe(111) was carefully studied. We concluded that high-quality monolayer graphene growth is possible through dissociative adsorption under UHV conditions. Because of the presence of graphene, the iron substrate can retain its original properties because it is prevented from reacting with the oxygen in the air. Due to the unique properties of the Fe(111) structures, large numbers of randomly oriented domain walls are observed. In a magnetic field range of 150 mT, the IP orientation is completely canted (coupled with the first layer of Fe atoms). If the structures are patterned along the domains, then highquality spin devices can be simply fabricated by growing graphene on top of the surface.
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Sharply branched, tree-like domains form as a result of interfacial atomic spin reorientation. The evolution of these domains is caused by changes in the MAE; thus, it is possible to construct spin devices by manipulating the domain structures of Fe(111). In summary, graphene modulates the domain patterns of Fe(111). Thus, selectively patterned structures can be exploited in naturally grown 2D spin devices.
Materials and Methods
Fabrication of monolayer graphene onto a single-crystalline Fe(111) A clean Fe(111) surface was prepared by applying multiple successive cycles of Ar + sputtering at an energy of 1 keV for 30 min over ~24 h and subsequent annealing for 2-5 min at approximately 1000 K in a UHV chamber; this procedure was performed until carbon was minimized and no peaks corresponding to contaminants such as S, NO 2 , or O 2 were observed by PES. After additional confirmation of the surface purity with LEED and ARPES, a graphene layer was grown on the Fe(111) substrate at ~1000 K in a C 2 H 2 atmosphere of 1  10 -6 to 5  10 -6 torr.
ARPES and XPS measurements
The ARPES studies were performed at beamline 10D of the Pohang Accelerator Laboratory (PAL), which is equipped with a Scienta R4000 analyzer that provides an overall energy resolution of ~50 meV at ~34 eV under a pressure of 1.2  10 -10 torr. SPM and STM Scanning probe microscopy (SPM) and MFM were performed via 30 nm dynamic mode scanning. STM was used for high-quality topographic measurements under ambient conditions.
SPLEEM Real-space images were acquired using three orthogonal electron beam spinalignments such that the magnetic contrast along three orthogonal directions corresponds to the OOP magnetization direction and two orthogonal IP axes. SPLEEM images map the magnetization of the sample in the sense that the intensity in each pixel represents the dot product of the spin polarization vector P of the illumination beam and the magnetization vector M with a lateral resolution on the order of 10 nm.
First-principles calculation
In the framework of density function theory, our first-principles calculation was performed using the Vienna ab initio simulation package (VASP) 29 with the Perdew-Burke-Ernzerhof generalized gradient approximation (GGA-PBE). 30 The electron-ion interaction is described by the projected augmented wave (PAW) potentials. 31 In all calculations, a kinetic energy cutoff of 520 eV and a  -centered 6×6×1 K-point mesh for the first Brillouin zone integration are employed. The MAE is calculated in three steps. First, structural relaxation is performed until the forces on each atom are smaller than 0.001 eV/Å to determine the ground
